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CHL and TCNQ as acceptors have been studied spectrophotometrically. The synthesis and charac-
terization of morpholine CT-complexes of p-chloranil, [(Morp)(CHL)] and 7,70,8,80-tetracyanoqui-
nodimethane, [(Morp)(TCNQ)] were described. These complexes are readily prepared from the
reaction of Morp with CHL and TCNQ within CHCl3 and/or MeOH solvents. IR, UV–Vis tech-
niques, elemental (C, H, and N) and thermal analyses (TG/DTG) characterize the two Morp
charge-transfer complexes. Benesi–Hildebrand and its modiﬁcation methods were applied to the
determination of association constant (K), and molar extinction coefﬁcient (e).
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ND license.1. Introduction
Recently, the charge-transfer (CT) interactions have wide
applications (Fla et al., 1991; Roy et al., 2000; Yakuphanoglu
and Arslan, 2004a,b; Yakuphanoglu et al., 2005; Chakraborty
et al., 2001; Korolkovas, 1998; Takahasi et al., 1993; Andrade
et al., 2000; Slifkin, 1971; Abou Attia, 2000; Basavaiah, 2004;
Fukunaga and Ishida, 2003; Abdel Sayed et al., 2003; Kandile
and Latif, 1988; Muralikrishna et al., 1983). Charge-transfer
complexes are known to participate in many chemical reac-
tions like addition, substitution and condensation (Fla et al.,
1991; Roy et al., 2000). This type of complex has great
attention for non-linear optical materials and electrical
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228 M.S. Refat et al.conductivities (Yakuphanoglu and Arslan, 2004a,b; Yakup-
hanoglu et al., 2005; Chakraborty et al., 2001). Electron do-
nor–acceptor (EDA) interaction is also important in the ﬁeld
of drug-receptor binding mechanism (Korolkovas, 1998), in
solar energy storage (Takahasi et al., 1993) and in surface
chemistry (Andrade et al., 2000) as well as in many biological
ﬁelds (Slifkin, 1971). On the other hand, the EDA reactions of
certain p-acceptors have been successfully utilized in pharma-
ceutical analysis (Abou Attia, 2000; Basavaiah, 2004).
Charge-transfer complexes using organic species are inten-
sively studied because of their special type of interaction,
which is accompanied by the transfer of an electron from the
donor to the acceptor (Das et al., 2000; Jones and Jimenez,
1999). Also, protonation of the donor from acidic acceptors
is generally a rout for the formation of ion pair adducts (Smith
et al., 1997, 1998, 2000).
On the other hand, morpholine is widely used in organic
synthesis. For example, it is a building block in the preparation
of the antibiotic linezolid and the anticancer agent (Ji, 1988;
Zhang et al., 1997). Following our studies of charge transfer
complexes (Refat and El-Didamony, 2006; Refat et al.,
2006a,b,c, 2007, 2008a,b), this work was undertaken to inves-
tigate spectrophotometrically the CT-complexes formed
between morpholine (Morp) as donor with CHL and TCNQ
as p-acceptors.0.0
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Figure 1 Electronic absorption spectra of: (A) Morp/CHL and
(B) Morp/TCNQ reactions in CHCl3. (a) Donor (1.0 · 104 M),
(b) acceptor (1.0 · 104 M) and (c) CT-complex.2. Materials and methods
2.1. Preparation of morphiline–acceptor charge-transfer
complexes (acceptor = CHL and TCNQ)
All chemicals used throughout this work were Analar or extra
pure grade. Morphiline, O(CH2CH2)2NH, was of analytical re-
agent grade (Merck reagent). The acceptors were purchased
from Aldrich. Stock solutions of morphiline or of acceptors
were freshly prepared and the spectroscopic grade chloroform
(Merck Co.) and methanol (BDH) were used as received.
The charge-transfer complexes [(Morp)(CHL)] (dark
brown) and [(Morp)(TCNQ)] (yellow crystal) were prepared
by mixing 1 mmol of the donor in chloroform (10 ml) with
1 mmol of each acceptors CHL and TCNQ in the same solvent
with constant stirring for about 15 min. The precipitate formed
in each case was ﬁltered off immediately and washed several
times with the minimum amounts of chloroform and dried un-
der vacuum over P2O5.
2.2. Instrumentation and physical measurements
The Electronic Spectra of the donors, acceptors and the re-
sulted CT complexes were recorded in the region of (200–
800 nm) by using a Jenway 6405 Spectrophotometer withTable 1 Elemental analysis CHN and physical parameters data of t
and TCNQ.
Complexes (FW) Mwt C% H%
Found Calcd. Fo
[(Morp)(CHL)] (C10H9NCl4O3) 333.00 35.78 36.00 2.5
[(Morp)(TCNQ)] (C15H12N4O) 264.00 61.88 68.20 4.4quartz cells, 1.0 cm path in length. Photometric titrations were
performed at 25 C for the reactions of donors with acceptors
in chloroform, as follows: the concentration of the donors in
the reaction mixtures was kept ﬁxed at 5.0 · 104 M, while
the concentration of acceptors was changed over a wide range
from X · 104 to Y · 104 M. These produced solutions with
donor:acceptor molar ratios varied from 1:0.25 to 1:4.00. IR
measurements (KBr discs) of the solid donors, acceptor and
CT complexes were carried out on a Bruker FT-IR spectro-
photometer (400–4000 cm1). The thermal analysis (TGA
and DTG) was carried under nitrogen atmosphere with a heat-
ing rate of 10 C/min using a Shimadzu TGA-50H thermal
analyzers.he CT-complexes formed in the reaction of the Morp with CHL
N% Physical data
und Calcd. Found Calcd. Color Mp ( C)
6 2.70 4.11 4.20 Dark brown 170
9 4.55 20.85 21.20 Yellow 195
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Figure 2 Photometric titration curves for: (A) Morp/CHL system in CHCl3 at 290 and 550 nm, and (B) Morp/TCNQ system in CHCl3
at 327 and 560 nm.
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The elemental analysis data (C, H, and N) of the morpholine
charge transfer complexes were performed and listed in
Table 1. From this table, it can be seen that the resulted values
agree quite well with the calculated values, and the suggested
value of the CT-complexes is matched with the molar ratios
introduced from the photometric titration curves. All the
Morp CT complexes are insoluble in cold and hot water, but
easily soluble in DMF and DMSO.
3.1. Charge-transfer complexes of Morp/CHL and Morp/
TCNQ systems
The electron donor/acceptor interactions of Morp with CHL
and TCNQ in chloroform as solvent have produced stable
complexes with the general formula [(Morp)(acceptor)] with
molar ratio 1:1 acceptor:donor. The elemental analysis
(CHN), electronic spectra, photometric titration, mid infrared
spectra and thermogravimetric analysis (TGA/DTG) were
used to give a known idea about the charge-transfer interac-
tion between the donating and accepting sites. The physical
and analytical data of the two new solid CT-complexes CHN
contents are listed in Table 1.30 40 50 60 70 80 90 100 110
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Figure 3 The plot of ðCod þ CoaÞ against Cod  Coa=A, for the (A) [(M
560 nm, respectively.3.2. Electronic absorption spectra of Morp/CHL and Morp/
TCNQ systems
In the Morp/CHL system, ﬁrstly upon the addition of Morp
(donor) to CHL (acceptor), the color of solution turns from
light yellow to dark yellow. On the other side, in the case of
Morp/TCNQ system, upon the addition of TCNQ to donor
(Morp) within the chloroform solvent, a dark violet color
was formed immediately. The electronic absorption spectra
of the reaction mixtures contain CHL and TCNQ with Morp
as donor in CHCl3. Fig. 1A and B show the spectra in the 800–
200 nm region of the reactants morpholine (Morp), p-chloranil
(CHL) and 7,70,8,80-tetracyanoquino dimethane (TCNQ) and
the ﬁnal products with a concentration of each in the order
of 1.0 · 104 M in CHCl3. None of the initial reactants show
any measurable absorption in this region. Therefore, the obser-
vation of these bands can be assigned to the formation of
charge transfer complexes between Morp with CHL and with
TCNQ. Morp with CHL and with TCNQ in these complexes
behave as n-donor and p-acceptor, respectively. These bands
are presented at (290 and 550 nm) for Morp/CHL and at
(327 and 560 nm) for Morp/TCNQ, respectively. In order to
obtain the stoichiometry of the resulting complexes, the absor-
bance molar ratio method (Skoog, 1985) was followed. The60 80 100 120 140 160 180 200 220
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orp)(CHL)] and (B) [(Morp)(TCNQ)] CT-complexes at 550 and
Table 2 Spectrophotometric results of the CT-complexes of (A) [(Morp)(CHL)] and (B) [(Morp)(TCNQ)] CT-complexes.
Solvent kmax (nm) ECT (eV) K (l mol
1) emax (l mol
1 cm1) f l Ip
A 550 2.26 3.83 · 104 5.62 · 104 27.60 56.80 7.78
B 560 2.22 6.37 · 104 0.246 · 104 1.33 12.60 6.67
Average – – – – – – 7.23
Figure 4 Infrared spectra of: (A) [(Morp)(CHL)] and (B) 7-morpholino-7,8,8-tricyanoquiondimethane compounds.
230 M.S. Refat et al.concentration of Morp was kept ﬁxed at 1.00 · 104 M, while
the concentration of CHL and TCNQ was varied over the
range of 0.25 · 104–3.00 · 104 M. Furthermore, photomet-
ric titrations measurements between (Morp) and deﬁned
acceptors CHL and TCNQ in CHCl3 based on the character-istic absorption bands that refer to the CT complexes, Fig. 2A
and B, proved that the molar ratio of the resulted complexes is
1:1 Morp:acceptor. The comparison between the absorption
spectra of the free Morp donor and that of the p-acceptor
reveals that the two new CT complexes synthesized were
Table 3 Infrared frequenciesa (cm1) and tentative assignments for CHL, TCNQ, [(Morp)(CHL)] and 7-morpholino-7,8,8-
tricyanoquiondimethane adduct.
CHL TCNQ [(Morp)(acceptor)] CT-complexes Assignmentsb
CHL TCNQ
3354 ms 3405 br 3418 s
3286 s
3442 s,br m(O–H); H2O of KBr
m(N–H)
– 3137 mw
3050 s
2969 mw
2851 mw
3043 s,br
2973 w
2871 ms
3043 vw
2953 w
2922 w
2861 ms
ms(C–H) + mas(C–H)
– – 2722 w
2625 w
2443 ms
– Hydrogen bonding
– 2220 s – 2169 vs
2134 vs
m(C„N); TCNQ
1685 vs – 1651 s – m(C‚O)
1567 vs
1487 w
1540 vs 1573 s
1430 s
1404 sh
1592 vs
1563 s
1467 vs
m(C‚C) + C–H deformation
1316 w
1257 s
1232 s
1210 vw
1110 vs
1352 ms
1285 vw
1205 vw
1117 ms
1044 vw
1357 mw
1307 ms
1273 s
1223 s
1167 ms
1103 vs
1044 s
1310 vs
1264 s
1220 s
1169 s
1115 vs
1062 s
1028 s
m(C–C) + m(C–N) + m(C–O–C)
CH, in-plane bend
903 s
750 s
709 s
997 vw 962 vw 985 s
921 ms
965 vw
950 vw
925 vw
drock; NH
CH-deformation
m(C–Cl); CHL
– 860 vs
808 vw
898 s
874 s
847 vw
735 s
693 vw
879 s
841 s
Skeletal vibration
CH bend
471 mw 473 vs 617 ms
593 ms
571 ms
529 ms
480 vw
37 vw
421 vw
692 w
636 w
616 w
574 vw
527 ms
482 ms
482 ms
420 ms
CH out of plane bend
Skeletal vibration
CNC def.
a s = Strong; w = weak; m = medium; sh = shoulder; v = very; br = broad.
b m, Stretching; d, bending.
Spectroscopic and thermal studies on the charge transfer complexes formed between morpholine 231characterized by a deﬁnite maximum absorption bands at the
wavelength (290 and 550 nm) and (327 and 560 nm) for the
Morp/CHL and Morp/TCNQ systems, respectively. The for-
mation of 1:1 complexes was supported by elemental analysis,
infrared spectra and thermal measurements.
The reaction of TCNQ with the cyclic secondary amine
Morp gives a new product. The resulting adduct is assigned
the structure 7-morpholino-7,8,8-tricyanoquiondimethane on
the basis of a spectroscopic investigation and elemental analy-
sis. On the other hand, the formation of TCNQ radical anions
has been recorded frequently (Hertler et al., 1962; Grossel and
Weston, 1992; Melby et al., 1962; Garito and Heeger, 1974;
Wheland and Gillson, 1976). Based on these observations it
can be concluded that the two new bands are due to TCNQ
radical anion (327 nm) and 7-morpholino-7,8,8-tricyanoquion
dimethane (560 nm). A similar behavior of this result was
reported in the literature (Pouretedal et al., 2005a,b).The equilibrium constant, extinction coefﬁcient, e, and the
oscillator strength, f, values of the Morp complexes,
[(Morp)(CHL)] and [(Morp)(TCNQ)] in chloroform solvent
calculated using the known equation for the 1:1 complexes
(Abu-Eittah and Al-Sugeir, 1976) were used in the calcula-
tions. By plotting Coa  Cod=A against the ðCoa þ CodÞ values,
the straight lines were obtained with a slope of 1/e and an
intercept of 1/ke as shown in Fig. 3A and B for the reaction
in CHCl3. The values of both K and e associated with these
complexes, [(Morp)(CHL)] and [(Morp)(TCNQ)], are given
in Table 2. The oscillator strength (f) which is a dimensionless
quantity is used to express the transition probability of the
CT band (Lever, 1985) and the transition dipole moment
(l) of the CT-complexes (Tsubomura and Lang, 1964). The
interaction of CHL and TCNQ with Morp causes the forma-
tion of two stable adducts, this suggestion was strongly
supported by the high values of both the formation constant
NO O N OO HH
Cl Cl
ClCl
A
N
O
NC
CNNC
B
Scheme 1 Structures of: (A) [(Morp)(CHL)] and (B) 7-morpho-
lino-7,8,8-tricyanoquiondimethane adducts.
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Figure 5 TGA/DTG thermal diagram of: (A) [(Morp)(CHL)]
and (B) 7-morpholino-7,8,8-tricyanoquiondimethane compounds.
232 M.S. Refat et al.(K) and the extinction coefﬁcients (e) of the resulted CT
complexes.
The dissociation energy (W) of Morp/CHL CT complex
system can be calculated, this value is 4.15 eV. The ionization
potential (Ip) of the free donor of the highest ﬁlled molecular
orbital on the donor was determined from the CT energies
of the CT band of its complexes with CHL and TCNQ (Aloisi
and Pignataro, 1973; Foster, 1969; Kinoshita, 1962; Wheat,
1969).
3.3. Infrared spectra of the [(Morp)(CHL)] and
[(Morp)(TCNQ)] solid complexes
The Infrared spectra of the solid charge transfer complexes,
[(Morp)(CHL)] and [(Morp)(TCNQ)] are shown in (Fig. 4A
and B) and their band assignments are given in Table 3.
In the infrared spectrum of the [(Morp)(CHL)] CT com-
plex, the stretching vibration motion of the m(–) in case of free
Morp which was observed at 3424 and 3300 cm1 is shifted to
lower wavenumber with splitting at 3418 and 3286 cm1 in the
IR spectrum of the Morp/CHL complex upon molecular com-
plex formation. The new band observed at 3286 cm1 with
medium strong intensity, can be assigned to m(–) stretching
vibration that resulted from the hydrogen bonding associated
with the hydrogen proton of donor via the oxygen atom of
one carbonyl group of the acceptor. The collected bands in
the region of 3000–2800 cm1 in this complex were assigned
to ms(C–H) + mas(C–H) vibrations with the same wavenumber
region compared with the free Morp. The spectrum of
[(Morp)(CHL)] CT-complex includes a few weak/medium
absorption bands located at 2625 and 2443 cm1 and could
be assigned to hydrogen bonding (Bellamy, 1975). The stretch-
ing vibration of m(C‚O) absorption band in the case of the
free CHL appeared at 1685 cm1 but under complexation this
band was shifted to a lower value (1651 cm1). There is nodoubt that the infrared spectra are strongly supported that
the CT-interaction in the case of Morp/CHL complex takes
place through n–p* transition. As can be seen, in the spectrum
of [(Morp)(CHL)] complex, the vibration group of d(N–H),
m(C–N), CNC deformation shows clearly the changes com-
pared with those of free Morp, Table 3. The bands associated
with m(C–Cl) vibration that appeared at 903, 750 and 709 cm1
in the free CHL were shifted to lower wavenumbers and
decreasing in the intensities of the characteristic peaks. These
shifts are indicative of a lower charge density on the chloro
and a higher charge density on the carbonyl groups of CHL
acceptor charge transfer complex. These phenomena proved
that the complexation of (Morp) with CHL takes place via
the –NH group with the formation of the hydrogen bonding.
In the case of [(Morp)(TCNQ)] CT-complex, the IR spec-
trum of the solid reaction product 7-morpholino-7,8,8-tricy-
anoquiondimethane as well as the band assignments are
presented in the Fig. 4 and Table 3B. As can be seen, the
CN stretching of TCNQ shows a drastic shift to lower frequen-
cies upon molecular complex formation with Morp. These
shifts are indicative of a higher charge density on the cyano
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Figure 6 Kinetic diagrams of Coats–Redfern (CR) and Horowitz–Metzger (HM) equations for (A) [(Morp)(CHL)] and (B) 7-
morpholino-7,8,8-tricyanoquion dimethane compounds.
Table 4 Thermo analytical results for the (A) [(Morp)(CHL)] and (B) 7-morpholino-7,8,8-tricyanoquiondimethane compounds.
Samples Stage TGA range (C) DTGmax (C) Weight loss (%) Evolved moiety
Found Calcd.
A I 25–180 179 10.70 11.00 HCl
II 180–245 244 21.40 21.90 2HCl
III, IV 245–600 488, 581 34.20 34.70 HCl + CH5NO3
Residue 9C
B I 25–200 185 – – Melting point
II, III 200–400 336, 370 31.10 30.70 3HCN
IV 400–600 582 28.00 28.40 C3H9NO
Residue 9C
Spectroscopic and thermal studies on the charge transfer complexes formed between morpholine 233groups of the TCNQ. The methylene stretching of the cyclic
secondary amine of Morp observed in the 3000–2800 cm1 re-
gion has decreasing intensities upon CT complexation. It is
interesting to note that upon complexation of TCNQ, in the
CN stretching region two bands are observed. These bands
can be attributed to the CN of TCNQ radical anion and
the second band concerning to 7-morpholino-7,8,8-tricy-
anoquiondimethane adduct. The N–H stretching occurs as
strong broad and weak shoulder absorptions at 3424 and
3300 cm1 in the spectrum of free Morp and at 3442 cm1 as
a medium band in the spectrum of the new adduct. These
changes in the band intensities as well as the wavenumber val-
ues of –N–H of the Morp and the resulted adduct proved theparticipation of –N–H group of Morp in the elimination reac-
tion (eliminated one molecule of –HCN) (Scheme 1).
3.4. Thermal investigations of the [(Pip)(CHL)] and 7-
morpholino-7,8,8-tricyanoquiondimethane adducts
Thermal analysis TGA/DTG was carried out for both
[(Morp)(CHL)] and 7-morpholino-7,8,8-tricyanoquiondime-
thane adducts. The thermograms are shown in Fig. 5 and the
decomposition data are listed in Table 4.
The TG decomposition curve of the [(Morp)(CHL)] CT
complex is shown in Fig. 5A. It gives four decomposition stages
at DTGmax = 179, 244, 488 and 581 C supported by DTG
Table 5 Kinetic data of the (A) [(Morp)(CHL)] and (B) 7-morpholino-7,8,8-tricyanoquiondimethane compounds for the essential
stage.
Complex Stage Method Parameter r
E (J mol1) A (s1) DS (J mol1 K1) DH (J mol1) DG (J mol1)
A 1st CR 8.0 · 104 1.9 · 107 1.09 · 102 7.62 · 104 1.26 · 105 0.9977
HM 8.6 · 104 1.03 · 108 9.5 · 101 8.22 · 104 1.25 · 105 0.9998
Average 8.3 · 104 6.1 · 107 1.02 · 101 7.92 · 104 1.25 · 105
2nd CR 6.89 · 104 3.09 · 104 1.64 · 102 6.46 · 104 1.49 · 105 0.9924
HM 7.28 · 104 1.8 · 105 1.49 · 102 6.85 · 104 1.46 · 105 0.9981
Average 7.08 · 104 1.05 · 105 1.56 · 102 6.65 · 104 1.47 · 105
B 1st CR 4.82 · 104 1.81 · 103 1.86 · 102 4.44 · 104 1.3 · 105 0.9887
HM 5.66 · 104 2.27 · 104 1.65 · 102 5.27 · 104 1.28 · 105 0.9977
Average 5.24 · 104 1.22 · 104 1.75 · 102 4.85 · 104 1.29 · 105
2nd CR 1.49 · 105 7.92 · 1010 4.22 · 101 1.44 · 105 1.7 · 105 0.9994
HM 1.72 · 105 8.69 · 1012 3.14 1.67 · 105 1.69 · 105 0.9997
Average 1.60 · 105 4.38 · 1012 4.53 · 101 1.55 · 105 1.69 · 105
234 M.S. Refat et al.data (Table 4). The ﬁrst decomposition step started from 25 to
180 C with a maximum peak at (179 C) and corresponds to
the decomposition of one HCl molecule from CHLmoiety with
an estimatedmass loss 10.70% found (calcd. mass loss 11.00%),
while the second step started from 180 to 245 C at
DTGmax = 244 C and is accompanied by a loss of 2HCl mol-
ecules with a weight loss of 21.40% (calcd. 21.90%). The third
and fourth stages ranged from 245–600 C at maximum peaks
488 and 581 C, respectively, involve the loss of HCl +
CH5NO3 leaving nine carbon atoms as a residue resulting from
the process of decomposition under nitrogen. The remains of
nine carbon atoms conﬁrm that the interaction between donor
and acceptor occurs in 1:1 molar ratio which is in agreement
with that obtained from the elemental analysis. The overall
weight loss amounts to 66.34% (calcd. 67.60%).
The TGA curve of the new adduct, 7-morpholino-7,8,8-tri-
cyanoquiondimethane formed from the elimination reaction
between one molecule of Morp and powerful acceptor, TCNQ,
has four maximum peaks at 185, 336, 370 and 582 C, and this
adduct becomes thermally stable until 150 C. The ﬁrst decom-
position steps at 185 C are without mass loss with respect to
the melting point of the mentioned adduct. The second and
third decomposition stages occur at a maximum temperature
which lies in the range of 150–400 C. The weight loss associ-
ated with this stage is 31.10% which may be due to the loss of
the three HCN molecules is in good agreement with the theo-
retical weight loss value of 30.70%. The fourth decomposition
stage occurs at the maximum temperature 582 C. The found
weight loss 28.00% associated with this stage can be attributed
to the loss of C3H9NO. The theoretical value of weight loss
associated with the loss of these species, 28.40% is very near
to the found value. The ﬁnal thermal products obtained as a
residue are proposed to be a 9C. The agreement between the
theoretical and found weight of the residue gives a good sup-
port to the proposed mechanism.3.5. Kinetic studies of the [(Morp)(CHL)] and 7-morpholino-
7,8,8-tricyanoquiondimethane adducts
On the basis of the above thermal decomposition, the kinetic
analysis parameters, such as activation energy, E*, enthalpy
of activation, DH*, entropy of activation, DS*, and free energychange of decomposition, DG*, were evaluated graphically by
employing the common two methods of Coats and Redfern
(1964) as well as the approximation method of Horowitz and
Metzger (1963).
In our investigation the general thermal behaviors of the
twoMorp CT complexes in terms of stability ranges, peak tem-
peratures and values of kinetic parameters are shown in Fig. 6
and Table 5. The linearization plots conﬁrm the ﬁrst order
kinetics for the decomposition process. Kinetic parameter
shows that the decomposition follows ﬁrst order kinetics and
proceeds in a two step decomposition. According to the kinetic
data obtained from the TG curves; the activation energy relates
the thermal stability of the metal complexes. Among CT
complexes, activation energy increases as [(Morp)(CHL)] >
7-morpholino-7,8,8-tricyanoquiondimethane adduct. The two
CT complexes have negative entropy, which indicates that the
complexes are formed spontaneously. The negative value of en-
tropy also indicates a more ordered activated state that may be
possible through the chemisorption of oxygen and other
decomposition products. The negative values of the entropies
of activation are compensated by the values of enthalpies of
activation, leading to almost the same values for the free energy
of activation.
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